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Abstract

Inflammatory bowel disease (IBD) has emerged a global disease and the ascend-
ing incidence and prevalence is accompanied by elevated morbidity, mortality,
and substantial healthcare system costs. However, the current typical one-size-
fits-all therapeutic approach is suboptimal for a substantial proportion of patients
due to the variability in the course of IBD and a considerable number of patients
do not have positive response to the clinically approved drugs, so there is still a
great, unmet demand for novel alternative therapeutic approaches. Spleen tyro-
sine kinase (Syk), a cytoplasmic nonreceptor protein tyrosine kinase, plays cru-
cial roles in signal transduction and there are emerging data implicating that Syk
participates in pathogenesis of several gut disorders, such as IBD. In this study,
we observed the Syk expression in IBD patients and explored the effects of ther-
apeutic Syk inhibition using small-molecule Syk inhibitor piceatannol in bone
marrow—derived macrophages (BMDMs). In addition, due to the poor bioavail-
ability and pharmacokinetics of small-molecule tyrosine kinase inhibitors and
superiority of targeting nanoparticles-based drug delivery system, we herein pre-
pared piceatannol-encapsulated poly(lactic-co-glycolic acid) nanoparticles that
conjugated with chemokine C-C motif ligand 4 (P-NPs-C) and studied its ther-
apeutic effects in vitro in BMDMs and in vivo in experimental colitis model.
Our results indicated that in addition to alleviating colitis, oral administration
of P-NPs-C promoted the restoration of intestinal barrier function and improved
intestinal microflora dysbiosis, which represents a promising treatment for IBD.
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1 | INTRODUCTION

Inflammatory bowel disease (IBD), typically including
Crohn’s disease (CD) and ulcerative colitis (UC), is a
chronic and relapsing intestinal inflammatory disorder."?
IBD has become a global disease with accelerating inci-
dence in newly industrialized countries where societies
have become more Westernized at the turn of the 2Ist
century.® The rising incidence of IBD is accompanied by
higher morbidity, mortality, and substantial healthcare
system costs.* Although with unclear etiology, thera-
peutic strategies for patients with IBD at present mainly
target mediators of inflammation to limit or suppress
proinflammatory processes.>® Typical examples are
steroids, suppression of lymphocytes by thiopurines,
or antibodies against cytokines such as tumor necrosis
factor, integrin, and interleukin 12/23.7 Use of these
agents is associated with restoration of mucosal functions,
such as immune homeostasis and barrier function, and
maintenance of mucosal healing, which emerges as the
major long-term therapeutic goal of IBD.*° However,
there are often patients who do not respond to these
medications and the effects on maintaining remission of
these medications are only temporary.

Our group and others have demonstrated that spleen
tyrosine kinase (Syk) plays an essential role in the patho-
genesis of IBD in recent years.!’"'? Syk is a cytoplasmic
nonreceptor protein tyrosine kinase that exists in both
hematopoietic cells and nonhematopoietic cells.”* Activa-
tion of Syk in these cells can modulate intestinal mucosal
immune response by driving inflammatory signaling path-
ways, thus regulating gut homeostasis.'* There are emerg-
ing data from both experimental and clinical studies
demonstrating that therapeutic inhibition of Syk miti-
gates intestinal inflammation by reducing production of
cytokines and chemokines in IBD.">"'” However, whether
Syk has other pathogenic mechanisms in IBD (e.g., affect-
ing intestinal barrier function or intestinal microflora) and
whether inhibition of Syk relieves colitis by improving
such effects is not entirely clear.

In addition, due to the poor bioavailability and pharma-
cokinetics of small-molecule tyrosine kinase inhibitors,'®
it is necessary to exploit novel drug delivery systems
that are able to deliver drugs exclusively to the inflamed
regions of intestine. One of the most promising carriers
is poly(lactic-co-glycolic acid) (PLGA)-derived nanoparti-
cles that are commonly used as drug carriers in multiple
biomedical applications.'®? Such nanoparticles-based
carrier system can assist in the loaded drug accumulation
particularly at inflamed areas because of the growing
permeability of lesions. Due to the superior ability to exe-
cute precise control over small quantities of fluids within
integrated flow channels,”’ a microfluidic approach

was used in this paper for generating the Syk inhibitor
piceatannol-encapsulated PLGA nanoparticles. In addi-
tion, in order to improve the active targeting of nanopar-
ticles, the chemokine C-C motif ligand 4 (CCL4) was
conjugated with the piceatannol-encapsulated PLGA
nanoparticles to form piceatannol-PLGA-CCL4 nanopar-
ticles (P-NPs-C). CCL4 can bind to its receptor CCR5
(C-C motif chemokine receptor 5), which is expressed on
surface of most immune cells, especially on macrophages.

In this study, we observed the Syk expression levels
in IBD patients and investigated the effects of therapeu-
tic Syk inhibition on inflammatory macrophages by using
small-molecule Syk inhibitor piceatannol. We thereafter
prepared P-NPs-C and investigated therapeutic efficacy in
bone marrow-derived macrophages (BMDMs) and exper-
imental colitis model. Our results indicate that in addi-
tion to alleviating colitis, P-NPs-C can promote the restora-
tion of intestinal barrier function and improve intestinal
microflora dysbiosis, which represents a promising treat-
ment for IBD.

2 | MATERIALS AND METHODS

2.1 | Patients

The inflamed colon mucosa and uninflamed controls
were taken during routine ileocolonoscopy from active
IBD patients or healthy controls in Jinling Hospital. IBD
patients were diagnosed based on the standard clinical,
endoscopic, histologic, and radiologic criteria.> Medical
records were carefully scanned to classify the characteris-
tics of the disease and the location of lesions was recorded
on the basis of Montreal classification. Modified Mayo
score, which includes stool frequency, rectal bleeding,
endoscopic findings, and global assessment of a physician,
was employed to assess the clinical activity of patients
with UC. In particular, the Modified Mayo score <2 was
defined as clinical remission, 3-5 mild activity, 6-10 mod-
erate activity, and 11-12 severe active disease. In total, 13
patients with active UC were enrolled in our study. Cor-
respondingly, the simple Crohn’s disease activity index
(CDALI) score, which accounts for general condition, pres-
ence of abdominal pain, abdominal mass, stool frequency,
and disease complications, was used to assess the degree of
clinical activity of patients with CD. A simple CDAI score
<4 was considered as clinical remission, 5-7 mild activity,
8-16 moderate activity, and >16 severe active disease. Alto-
gether, 17 patients with active CD were included. Finally,
10 age- and sex-matched healthy controls who did not suf-
fer from any gastrointestinal disorders or autoimmune dis-
eases were recruited from the physical examination center
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in Jinling Hospital. More details of patients are shown in
Table S1.

The collection of human specimens was approved
by the institutional review board at Jinling Hospital
(2018GKJDWLS-03-032). Written informed consent from
each participant was obtained.

2.2 | Cellline culture

The human monocyte THP-1 cell line and human colorec-
tal cancer cell line Caco-2 were purchased from American
Type Culture Collection (ATCC, Manassas, USA). High-
density Caco-2 cells were grown on transwell filters (Corn-
ing Inc., Tewksbury, USA) and used for transepithelial
electrical resistance (TEER) measurements and biochemi-
cal studies.

2.3 | Piceatannol-PLGA-CCL4
nanoparticles preparation

The double-emulsion microfluidic system was employed
to fabricate the piceatannol-encapsulated PLGA nanopar-
ticles. Two coaxially assembled capillaries were placed on
a glass slide and the connection spot was fixed by epoxy
resin. The PLGA solution dissolved in dichloromethane
(40 mg/ml) was employed as the outer phase and piceatan-
nol (Selleck chemicals, USA) was dissolved in Ethanol
(180 mM) for the inner phase. The round capillaries (World
Precision Instrument, Inc., Shanghai, China) were tapered
to desired diameters with a micropipette puller (Sutter
Instrument, Inc., USA). The tapered round capillaries were
installed into square capillaries with an inner dimension
of 1.0 mm. The inner phase solution could be wrapped
by outer phase in the microfluidic channel and monodis-
persed droplets of different sizes can be formed that were
controlled by different flow rates of phases. The nanosized
droplets could be obtained directly through the extrusion
of emulsion droplets formed on microfluidics chip via the
filter (0.2 um).

CCL4 ligands (Sigma-Aldrich) were conjugated on
piceatannol-encapsulated PLGA nanoparticles through
copper-free click chemistry. Dibenzocyclooctyne-S-S-
N-hydroxysuccinimidyl ester in DMSO (10 mg/ml) was
added into nanoparticle emulsion droplets at a 10:1 molar
ratio. NHS-PEG4-Azide in DMSO (40 mg/ml) was added
into CCL4 solution at a 10:1 molar ratio. Both reactions
took place in an ice bath for 1 h. The conjugation between
dibenzocyclooctyne-modified piceatannol-encapsulated
PLGA nanoparticles and azide-modified CCL4 was
reacted at 4°C overnight at a 1:1 molar ratio to form
P-NPs-C. Followed by drying under vacuum and washing

3

three times, the P-NPs-C were lyophilized to the dry
powder.

2.4 | Physicochemical characterization
determination

The nanoparticles’ average size and size distribution of P-
NPs-C were determined by dynamic light scattering, and
zeta potential was measured with a Nano ZS Zetasizer
(Malvern Instruments Ltd., Malvern, UK). The surface and
internal morphology of P-NPs-C were observed by scan-
ning electron microscope (SEM).

To conduct the drug release and uptake studies of P-
NPs-C, the BMDMs were prepared in 12-well plates and
P-NPs-C were added in the cells. At time intervals of 0, 8,
16, 24, 32, 40, and 48 h, 100 ul of samples were collected
and replaced by an equal volume of the medium. The
amount of drug release was determined based on the stan-
dard curve that was measured with high-performance lig-
uid chromatography. The drug uptake was measured as the
difference between the total drug and drug in the medium
at multiple time points. The curves were plotted in terms
of percentages of cumulative drug release and total drug
uptake.

2.5 | Invitro efficacy studies in BMDMs,
THP-1 cells, and Caco-2 cells

For in vitro efficacy studies, BMDMs or THP-1 cells
were prepared in 12-well plates and stimulated by IFN-
y (20 ng/ml) and different concentrations of free drug
piceatannol (25, 50, and 75 uM) or P-NPs-C for 48 h.
Afterward, BMDMs were collected for immunofluores-
cence staining and lysed for western blot or real-time PCR
analysis. For assessing the efficacy of Syk inhibitor on
intestinal epithelial barrier, a 12-well transwell system was
used. Caco-2 cells were plated on the upper chamber and
the conditioned media from BMDMs after aforementioned
stimulation were filled in the bottom chamber. After 48 h
of stimulation, tight junction proteins of Caco-2 monolay-
ers in the upper chamber were evaluated by immunofluo-
rescence staining and western blot. In selected experiment,
Caco-2 cells were treated with a myosin light chain kinase
(MLCK) inhibitor (ML-7, 40 uM, Selleck Chemicals, USA).

2.6 | Nitric oxide release bioassay

BMDMs were prepared in 12-well plates and 20 ng/ml IFN-
y was added in each well with multiple concentrations of
Syk inhibitor piceatannol (0, 25, 50, and 75 uM). After 48 h
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of incubation, the absorbance at 540 nm was measured by
a microplate reader.

2.7 | Experimental models of colitis

The C57BL/6 male mice were obtained from Model Animal
Research Center of Nanjing University. Animal care and
use were approved by Jinling Hospital Animal Care Com-
mittee. Experimental model of acute colitis was induced as
described before.'” In selected experiments, nanoparticles
were orally administered in the hydrogel system compris-
ing alginate/chitosan each day until day 8. Hydrogel (algi-
nate/chitosan) could assist P-NPs-C in passing through
stomach and small intestine smoothly and releasing the
nanoparticles at colon after its degradation.

2.8 | Invitro cellular uptake of P-NPs-C
The analysis of cellular uptake of nanoparticles was carried
out using DiL-loaded P-NPs-C by fluorescence microscopy
imaging. BMDMs were prepared in six-well plates and
P-NPs-C/DiL were added in the cells and incubated for
time intervals of 1, 2, 3, 4, and 8 h. BMDMs in the
absence of P-NPs-C/DiL. were used as control. Images
were observed and analyzed by a fluorescence microscopy
(NIKON Eclipse Ts2-FI, Japan).

2.9 | Invivo cellular internalization of
P-NPs-C

Mice with 2.5% DSS-induced experimental colitis were
orally administered with P-NPs-C-embedded hydro-
gel at day 8. After 2, 8, and 14 h of administration,
mice were euthanized and the alimentary tract was
collected. The fluorescence intensities of images were
captured with an Odyssey CLX Infrared Imaging Sys-
tem (Gene Company Limited, China). In selected
experiments, fluorescent lipophilic dye, 1,1’-dioctadecyl-
3,3',3’-tetramethylindotricarbocyanine iodide (DiR), or
3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) loaded
P-NPs-C were constructed by the same aforesaid microflu-
idic procedures and colon tissues of mice were collected
for fluorescence staining.

2.10 | Evaluation of inflammation in vivo
The intestinal inflammation in vivo was evaluated by
IVIS imaging systems using XenoLight RediJect Inflam-
mation Probe that was conveniently used to investigate

activity of myeloperoxidase. The XenoLight RediJect probe
(150 ul/mouse, 40 mg/ml) was injected intraperitoneally
5 min before imaging and bioluminescence signals in
regions of interest were used for statistical analysis.

2.11 | Quantification of lipocalin-2

Lipocalin-2 (Lcn-2) levels from fresh feces of mice were
evaluated via the Lipocalin-2 ELISA kit (ab119601, Abcam).

212 |
assay

In vivo intestinal permeability

Mice were fasted for 4 h but allowed free access to water
and then given an oral gavage with 40 mg/100 g body
weight of FITC-4 kDa Dextran (Sigma-Aldrich). Five hours
postgavage, serum was collected from the mice by intracar-
diac puncture. Fluorescence intensity was detected at exci-
tation wavelengths of 485 nm and emission wavelengths
of 528 nm. FITC-Dextran concentrations were obtained by
conversion from standard curves.

2.13 | Histology, immunohistochemistry,
immunofluorescence, and Alcian Blue
staining

Histology, immunohistochemistry, and immunofluores-
cence were carried out as we described before.!? Primary
antibodies CD45 monoclonal antibody (ab208022, Abcam),
F4/80 polyclonal antibody (ab100790, Abcam), CD3 mono-
clonal antibody (ab135372, Abcam), and MPO monoclonal
antibody (ab208670, Abcam) were used for immunohis-
tochemistry. Antibodies p-Syk (ab62338, Abcam), p-Syk
(ab63515, Abcam), F4/80 polyclonal antibody (ab100790,
Abcam), ZO-1 (ab221547, Abcam), Occludin (ab216327,
Abcam), and EpCAM (ab20160, Abcam) were employed
for immunofluorescence. For mucus evaluation, slides
were stained with Alcian Blue (AB; Sigma Aldrich) solu-
tion, pH 2.5, for 5 min and washed under running tap
water.

2.14 | Western blot

The tissue and cell samples were lysed in RIPA buffer
supplemented with protease inhibitor cocktail and phos-
phatase inhibitor cocktail (Jiangsu KeyGEN BioTECH,
Nanjing, China) and the final concentration of lysates
was adjusted to 1.5 ug/ul. When running western blots,
the sample volume of each well was 10 ul, that is, 15 ug
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of total protein (15-well electrophoresis comb, 1.5 mm).
Syk (ab40781, Abcam) and p-Syk (ab58575, Abcam) anti-
bodies for human tissues and Syk (ab40781, Abcam),
p-Syk (ab58575, Abcam), MLCK (ab76092, Abcam),
MLC (ab92721, Abcam), p-MLC (ab2480, Abcam), ZO-1
(ab96587, Abcam), and Occludin (ab216327, Abcam)
antibodies for mouse tissues were used. The protein bands
were visualized by a ChemiDoc Touch Imaging System
(Bio-Rad, USA) and quantified by the Image Lab software.
Results were normalized to the GAPDH internal control.

2.15 | Statistical analysis

The graphs and statistical analysis were carried out using
GraphPad Prism software, version 7. The significance
between groups was assessed by unpaired Student’s -test
or one-way analysis of variance. Nonparametric Wilcoxon
test was used for pairwise comparisons between UC and
CD patients before and after medication. Quantitative data
were shown as mean + standard deviation (SD). The dif-
ferences were considered significant at P < 0.05 (*< 0.05;
**<0.01; ***< 0.001).

Methods for BMDM preparation, biocompatibility
assays, TEER and paracellular FD-4 flux measurements,
quantitative real-time PCR, flow cytometry, and effects
of P-NPs-C on intestinal microbiota are provided in the
Supporting Information.

3 | RESULTS
3.1 | Increased Syk expression in
inflamed colon mucosa from IBD patients

To explore the role of Syk in the pathogenesis of IBD, we
examined Syk expression in colon biopsies of IBD patients
taken from ileocolonoscopy. Strikingly, an increased Syk
phosphorylation (p-Syk) in colonic mucosa of IBD was
observed by western blot (Figure 1A). We also found ele-
vated mRNA levels of Syk in IBD compared with healthy
controls (Figure 1B). Fluorescence co-staining of p-Syk and
F4/80 demonstrated an obvious Syk phosphorylation in
the cytoplasm of F4/80+ macrophages within the mucosa
lamina propria of IBD patients (Figure 1C). In addition, we
found that the expression levels of p-Syk were associated
with the activity of disease and significantly higher expres-
sion of p-Syk was found in samples from IBD patients
with strong inflammation (Figure 1D). Interestingly, the
analysis of receiver operating characteristic curve revealed
that p-Syk levels in colonic mucosa had a significant area
under the curve of 0.8458 with 83.33% sensitivity and
75.00% specificity in diagnosing IBD (Figure 1E). To fur-

3

ther explore the changing level of p-Syk, colonic mucosa
samples of 10 UC and 14 CD patients were collected after
4 weeks of medication, and the average p-Syk levels in
colonic mucosa decreased significantly after drug ther-
apy (Figure 1F). Taken together, these results suggested
that Syk played an indispensable role in the pathogene-
sis of IBD and it might emerge as a potential therapeutic
target.

3.2 | Piceatannol inhibited Syk
activation-induced inflammatory response
and epithelial barrier dysfunction

Owing to the upregulated expression of Syk and main
location in macrophages of colonic lamina propria of
IBD patients, we investigated the implication of this
tyrosine kinase in BMDMs. Piceatannol (Figure 2A), a
selective Syk inhibitor, was used to inhibit Syk signal-
ing pathway. We examined the phosphorylation of Syk
in BMDMs with stimulation of INF-y and observed that
increased concentration of piceatannol was accompanied
with decreased Syk phosphorylation (Figure 2B). Con-
sistently, fluorescence staining of p-Syk in BMDMs pre-
sented a similar result (Figure 2C). Afterward, the effects
of piceatannol on Syk phosphorylation-mediated func-
tional activation were explored. We observed that piceatan-
nol concentration dependently reduced IFN-y-induced
inflammatory gene expression, that is, IL-13, iNOS, IL-
6, CCRS5, and nitric oxide release in BMDMs (Figures 2D
and 2E).

To explore whether the phosphorylation of Syk affected
intestinal barrier function, a Caco-2 monolayer barrier
function assay was carried out. Syk activation resulted in a
remarkable injury to monolayer barrier, whereas piceatan-
nol could induce a concentration-dependent recovery
in monolayer barrier function, which was reflected by
increasing TEER and decreasing FD-4 flux (Figure 2F,G).
As MLCK-mediated MLC phosphorylation has been
shown to contribute to barrier dysregulation,22 we next
detected whether Syk could regulate MLCK and p-MLC.
Piceatannol concentration dependently downregulated
the protein levels of MLCK and the phosphorylation of
MLC, but had no influence on tight junction proteins
Occludin or ZO-1 (Figure 2H). To confirm the effect of
MLCK/p-MLC on barrier function, Caco-2 cells were stim-
ulated with IFN-y with or without the MLCK inhibitor
ML-7. ML-7 ameliorated IFN-y-induced irregular undula-
tions of ZO1 and Occludin (Figure 2I). Collectively, these
data indicated that inhibition of Syk reduced inflamma-
tion and promoted barrier function recovery in vitro;
hence, Syk inhibitor could be a promising treatment
for IBD.
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3.3 | Characterization of P-NPs-C

Due to the poor bioavailability and pharmacokinetics
of small-molecule tyrosine kinase inhibitors, we pre-
pared Syk inhibitor-encapsulated PLGA nanoparticles to
improve the bioavailability and therapeutic efficacy of
piceatannol. Furthermore, to increase the specificity and
to reduce the potential adverse effects, PLGA nanoparti-
cles containing Syk inhibitor were conjugated to CCL4 (P-
NPs-C) to deliver Syk inhibitor directly to CCR5-expressing
macrophages. CCR5 expression levels were much higher
in IBD patients than healthy control, and almost all
CCR5 protein were localized on F4/80+ macrophages
(Figure 1C). P-NPs-C were prepared using a double-
emulsion microfluidic system combined with copper-
free click chemistry technique, which could improve the
bioavailability and therapeutic efficacy of piceatannol (Fig-
ure 3A). As shown in representative SEM image, P-NPs-C
were spherical in shape and exhibited uniform size distri-
butions (Figure S1A). In addition, a dynamic light scatter-
ing and a Nano ZS Zetasizer were employed to detect the
particle size and zeta potential of P-NPs-C. P-NPs-C had
average diameter of 238.7 + 2.4 nm and zeta potential of
—26.43 +1.28 mV (Figures S1B and S1C). The physical sta-
bility of the P-NPs-C was observed and the particle diam-
eter and zeta potential remained relatively stable after 30
days (Figures S1D and S1E). Next, we examined the release
profiles of piceatannol from P-NPs-C in vitro and found
that P-NPs-C achieved cumulative piceatannol releases of
about 40% at the first 8 h and about 60% over 48 h (Figure
S1F). Moreover, the drug uptake assay showed that there
was a more uptake of piceatannol in free form (about 50%
at 48 h) compared with P-NPs-C (about 42% at 48 h) in
BMDMs (Figure S1G).

3.4 | Biocompatibility of P-NPs-C in vitro
and in vivo

Biocompatibility is an essential issue that should be con-
sidered for such nanoparticle carrier systems. To assess
the cell viability and proliferation, we studied the effects
of P-NPs-C on BMDMs in vitro using CCK-8 assay. We
found that treatment with piceatannol or P-NPs-C for 24 h
did not influence the viability of BMDMs (Figure SIH). To

evaluate potential toxicity of P-NPs-C in vivo, the normal
mice were orally administered with P-NPs-C or PBS con-
trol for 7 days. After 7 days of administration, body weight
was compared; blood was collected for hematological
analysis; colonic mucosa was collected for leukocyte infil-
tration detection; and tissues from different parts of
gastrointestinal tract and major organs were extracted for
histological analysis. Compared with the control group,
there were no notable difference in body weight and hema-
tological parameters in the P-NPs-C treatment group (Fig-
ures S2A and S2B). There was no difference in CD45+
leukocyte infiltration of colonic mucosa between the two
groups (Figure S2C). Additionally, no remarkable sign of
toxicity was observed in the entire gastrointestinal tract
(Figure S2D) and main organs (Figure S2E). These results
indicated that P-NPs-C exhibited outstanding biocompat-
ibility both in vivo and in vitro and can be used as a safe
drug delivery carrier.

3.5 | P-NPs-Cinhibited Syk signal and its
effects in vitro

Following successful synthesis of P-NPs-C, we evaluated
the efficacy of these nanoparticles in vitro. As shown
in Figure 3B, P-NPs-C presented a comparable effect
to free piceatannol, both of which could inhibit IFN-
y-induced Syk phosphorylation in BMDMs. To verify
the targeting ability of P-NPs-C, in vitro cellular uptake
tests using DiL-labeled P-NPs-C in BMDMs were per-
formed. A weak intracellular DiL red fluorescence after 1
h of incubation was observed and the fluorescence den-
sity gradually increased with the increase of time, and
much stronger fluorescence signal was presented in cyto-
plasm or on the membrane of BMDMs after 8 h of incu-
bation (Figure 3C). CCL4, also known as macrophage
inflammatory protein 15 (MIP13), is involved in inflam-
matory response after binding with CCRS5 receptor on
macrophage. Therefore, in order to exclude the proinflam-
matory effect of nanoparticles themselves, we measured
the polarization of BMDMs after adding P-NPs-C. Flow
cytometry results of BMDMs showed that P-NPs-C did not
boost the polarization of proinflammatory macrophages
(Figure 3D). We further studied the therapeutic effects
of P-NPs-C in IFN-y-stimulated BMDMSs and found that

medium alone or IFN-y stimulus with piceatannol (0, 25, 50, and 75 uM). (E) Nitric oxide (NO) release as measured in the culture supernatant of
BMDMs. Syk activation resulted in a remarkable injury to monolayer barrier and piceatannol induced a concentration-dependent recovery in

monolayer barrier function by increasing TEER (F) and decreasing FD-4 flux (G). (H) Piceatannol concentration dependently downregulated
the protein levels of MLCK and the phosphorylation of MLC. (I) MLCK inhibitor ML-7 ameliorated IFN-y-induced irregular undulations of
Z01 and Occludin in Caco-2 cells. Scale bars = 10 um. Data were shown as mean values + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns, no

significance
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both piceatannol and P-NPs-C significantly inhibited the
inflammatory gene expression (Figure 3E). Intriguingly,
we observed that piceatannol was more effective than P-
NPs-C, which is most likely owing to the slow and sus-
tained drug release properties of PLGA nanoparticles.”?

TEER/Q*CM?

1500

Relative FD4 flux

ns

In addition, for the purpose of translation of these find-
ings, we also observed the effects of P-NPs-C on human
monocyte THP-1 cell line. Consistent with the results in
BMDMs, we observed that both piceatannol and P-NPs-
C could inhibit IFN-y-stimulated Syk phosphorylation and
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inflammatory genes expression in THP-1 cell, whereas the
empty NPs could not (Figure S2). Next, we evaluated the
effect of P-NPs-C on intestinal epithelial barrier. As shown
in Figure 3F, both piceatannol and P-NPs-C could restore
Syk activation-caused disruption of tight junction pro-
tein. Notably, although P-NPs-C could increase TEER and
decrease FD4 flux of Caco-2 monolayer barrier, it was not
statistically different (Figures 3G and 3H). Taken together,
these results supported that P-NPs-C could be efficiently
internalized by macrophages and presented a comparable
therapeutic efficacy to free piceatannol in vitro, which fur-
ther suggested that slow and sustained release of piceatan-
nol would be desirable for in vivo experiment.

3.6 | Targeted uptake of P-NPs-C by the
colonic mucosa and amelioration signs of
experimental colitis

We further investigated whether P-NPs-C could achieve
enhanced accumulation in inflamed colon when orally
administered to mice (Figure 4A). Normal and colitis mice
were orally gavaged with DiR-loaded P-NPs-C within the
hydrogel system, and an infrared imaging system was used
to detect the DiR fluorescent dye in gastrointestinal tract
after 2-, 8-, and 14-h administration. We observed that
colitis mice treated with P-NPs-C /DiR presented much
stronger fluorescent intensity in the colon compared with
normal mice after both 8- and 14-h administration (Fig-
ure 4C). We also evaluated the biodistribution and local-
ization of P-NPs-C in other main organs, including heart,
liver, spleen, lung, and kidney. As shown in Figure S3, the
DiR fluorescence intensity in liver, spleen, and kidney of
colitis mice was much stronger than that of normal group.
Additionally, the fluorescence signal in liver was dramati-
cally higher than that in other organs, illustrating that P-
NPs-C were excreted through liver metabolism. Fluores-
cence staining of colon tissues from colitis mice verified
that oral administration of P-NPs-C/DiO led to the delivery
of P-NPs-C to colon and their uptake by immune cells in
colonic lamina propria (Figure 4D). Further, fluorescence
staining of F4/80 confirmed that most of these immune
cells taking in P-NPs-C were macrophages (Figure S4D).
We next assessed whether P-NPs-C could improve signs
of disease. Mice were supplied with 2.5% DSS for 7 days
with simultaneous daily gavage of P-NPs-C or piceatannol
(Figure 4B). Strikingly, after one cycle of DSS, DSS plus
P-NPs-C group showed a significant increased survival
rate compared with DSS control and DSS plus piceatannol
groups (Figure 5A). In line with this observation, decreased
DALI score, reduced rectal bleeding, and increased colon
length that coincided with decreased spleen weight were
exhibited in DSS plus P-NPs-C group (Figure 5B-D). The

fecal Lcn-2 level on Day 8 in DSS plus P-NPs-C group was
dramatically lower than that in DSS control and DSS plus
piceatannol groups (Figure 5E). To further monitor the
treatment effects in colitis mice, we employed in vivo bio-
luminescence imaging with the inflammation probe. As
shown in Figure 5F, DSS and DSS plus piceatannol groups
showed strong fluorescent signal, which reflected serious
luminal inflammation. In contrast, this fluorescent sig-
nal was much reduced in DSS plus P-NPs-C-treated mice.
Moreover, we evaluated the inhibition efficacy of P-NPs-C
in vivo and found that P-NPs-C could significantly inhibit
DSS-induced Syk phosphorylation, whereas oral admin-
istration of piceatannol had little influence (Figure 5G).
Taken together, these data indicated that P-NPs-C exhib-
ited excellent targeted uptake by inflamed colon and thus
improved disease signs of experimental colitis.

3.7 | Oral administration of P-NPs-C
alleviated intestinal inflammation and
improved intestinal barrier dysfunction
during colitis

To assess the effects of P-NPs-C on the amelioration
of intestinal inflammation, histopathological staining of
colon tissues from different treatment groups was per-
formed. Compared with DSS control and DSS plus
piceatannol groups, DSS plus P-NPs-C group exhibited a
restoration of mucosal structure and less intestinal inflam-
mation (Figure 6A). To further study the grade of intestinal
inflammation, we next observed the immune cells infil-
tration in the colonic lamina propria by immunohisto-
chemistry staining. Corresponding to the decreased dis-
ease signs, less CD45+ leukocytes infiltration was found
in DSS plus P-NPs-C group (Figure 6B). Compared with
DSS control and DSS plus piceatannol groups, the frac-
tions of CD3+ T cells, F4/80+ macrophages, and MPO+
neutrophils were also decreased in DSS plus P-NPs-C
group (Figure 6B). We also determined the mRNA levels of
proinflammatory genes in these groups. As shown in Fig-
ure 6C, the expression levels of the proinflammatory genes,
CARDS9, IL-18, TNF-a, and iNOS, were markedly reduced
in colon tissues of DSS plus P-NPs-C group.

We next investigated the effect of P-NPs-C on intesti-
nal barrier function. As shown in Figure 7A, the serum
concentration of FITC-Dextran, a permeability tracer,
was reduced a lot in colitis mice treated with P-NPs-C.
The proteins expression of MLCK/p-MLC pathway was
decreased and tight junction proteins Occludin and ZO-1
were restored in DSS plus P-NPs-C group (Figure 7B). Flu-
orescence staining of Occludin and ZO-1 confirmed that
oral administration of P-NPs-C promoted the recovery of
tight junction proteins (Figure 7C). Alcian blue staining
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FIGURE 4 In vivo biodistribution of P-NPs-C. (A) Schematic illustration of therapeutic effect of P-NPs-C. Oral administration of
P-NPs-C can target immune cells in lamina propria of inflamed colon mucosa through CCRS5 receptor, thus inhibiting intestinal inflamma-
tion, restoring the intestinal barrier function, and improving intestinal microflora dysbiosis. (B) Illustration of the experimental design. Mice
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FIGURE 5 Therapeutic outcomes of P-NPs-C. (A) Survival rate of colitis mice orally received P-NPs-C or free piceatannol. (B) Disease
activity index (DAI) of colitis mice orally received P-NPs-C or free piceatannol. (C) Photographs of rectal bleeding and colon length, (D) spleen
weight, and (E) fecal Len-2 level. (F) Bioluminescence images of mice treated with an inflammation probe (XenoLightTM; MA, USA), as cap-
tured by IVIS. At 5 min postinjection, images were obtained using a 5-min exposure time. (G) P-NPs-C effectively inhibited Syk phosphorylation

in experimental colitis. Data were shown as mean values + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ns, no significance

indicated a restoration of mucous cells in colon tissues in
DSS plus P-NPs-C group compared with DSS control and
DSS plus piceatannol groups (Figure 7D). These results
demonstrated that P-NPs-C showed an excellent anti-
inflammatory therapeutic efficacy in vivo and improved
intestinal barrier function by modulating MLCK/p-MLC
pathway.

3.8 | Impact of P-NPs-C on intestinal
microbiota

Intestinal microbiota dysbiosis plays an essential role dur-
ing the pathogenesis of IBD,”* and accumulating evi-
dence has demonstrated that activation of Syk signal is
largely attributed to abnormal intestinal microbiota.>>~%’
To evaluate whether P-NPs-C was able to improve intesti-
nal microbiota dysbiosis, 16S rRNA sequencing was per-

formed to explore intestinal microbiome in feces. As
shown in Figures S5A and S5B, the richness and even-
ness of fecal samples were appropriate. Treatment of DSS,
DSS plus piceatannol, and DSS plus P-NPs-C resulted in
marked microbiota number and abundance changes in
feces at the level of phylum, class, order, family, genus, and
species (Figures S5C and S5D). DSS-treated group showed
a high species diversity (Shannon index) of gut micro-
biota, whereas DSS plus piceatannol and DSS plus P-NPs-
C groups did not show species diversity compared with
DSS control group (Figure 8A). Meanwhile, DSS-treated
group also presented a higher community richness, and
mice received P-NPs-C were similar to the healthy con-
trol group and showed significant differences compared
to the DSS group (Figure 8B). No apparent variation was
observed in community abundance between the DSS and
DSS plus piceatannol groups. The UniFrac distances anal-
ysis representing beta diversity showed that there were an
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P-NPs-C alleviated intestinal inflammation during colitis. (A) Mucosal inflammation analyzed by histopathology was dis-
played (n = 6-10/group). Scale bars = 100 um. (B) Cellular fractions of CD45% leukocyte, CD3* T cells, F4/80% macrophages, and MPO*
neutrophils in colonic mucosa of DSS-treated mice that were orally administered with P-NPs-C or piceatannol were determined by immuno-
histochemistry staining. Representative images were displayed. Scale bars = 100 um. (C) The mRNA expressions of various inflammatory genes

were quantified by real-time PCR. Data were shown as mean values + SD. *P < 0.05, **P < 0.01, and ns, no significance
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obvious community difference between control and DSS
groups, whereas this difference was reduced between DSS
plus P-NPs-C and control groups (Figure 8C). In addition,
the species Venn diagram analysis was performed to show
the overlaps among the four groups. There were signif-
icant species differences among the four groups and 76
Operational Taxonomic Units (OTUs) overlapped among
all groups (Figure 8D), which demonstrated that existence
of a certain type of bacterial type played a significant role
in maintaining intestinal homeostasis.

The results presented in Figures 8E and S5E showed
that the dominant bacteria in the healthy control group
were Firmicutes, Desulfobacterota, Proteobacteria, and
Actinobacteriota. In the DSS group, we found a rapid
decrease in Firmicutes, Desulfobacterota, and Actinobacte-
riota, and a significant increase in Proteobacteria and Bac-
teroidota. DSS plus piceatannol group presented a sim-
ilar phylum trend compared with DSS control group,
whereas Firmicutes, Desulfobacterota, and Actinobacteri-
ota increased and Proteobacteria reduced in the feces of
mice treated with P-NPs-c. As shown in Figure S6A-C,
comparative analysis of the class, order, and family-level
compositions showed that DSS insult significantly altered
the abundance of intestinal flora, and P-NPs-C treatment
restored these differences to a certain extent. Notably, as
shown in Figures 8F and S6D, DSS group showed a unique
dominant species composition compared to the healthy
group at the genus or species level, that is, a rapid fall
in beneficial symbiotic Lactobacillus and the harmful and
pathogenic bacteria, including Dubosiella, Enterococcus,
and Staphylococcus. The beneficial commensal Lactobacil-
lus in the dominant flora raised, whereas the harmful and
pathogenic bacteria reduced when mice were treated with
P-NPs-C. Furthermore, the heat maps of compositions
comparative analysis at phylum, class, order, family level
(Figure S7) or genus level (Figure 8G) indicated that the
gut microbiota compositions in DSS plus P-NPs-C group
were significantly different from DSS control and DSS plus
piceatannol groups, but resembled that in the healthy con-
trol group to a certain extent.

To further evaluate the differences among the four
groups, the cylindrical coordinate analysis (PCoA) was
conducted. The distances between P-NPs-C-treated group
and the healthy group showed certain difference at two-
dimensional PCoA axis, which reflected the therapeutic
effects of P-NPs-C (Figure S6E). At different levels of phy-
logeny, key phylogenetic types were identified as distin-
guishable biomarkers. As shown in Figure 8, Lactobacillus
was the most significant decreased bacteria and Dubosiella
was the most significant increased bacteria in the DSS
group at the phylum level. This phenomenon was rescued
after P-NPs-C administration. Moreover, functional pre-
diction analysis based on the differential OTUs revealed a

notable enrichment for several biological processes includ-
ing metabolism (e.g., carbohydrate, amino acid, and energy
metabolism), genetic information processing (e.g., repli-
cation and repair and translation), and environmental
information processing (e.g., membrane transport and sig-
nal transduction) (Figures S6F and S6G). Markedly, com-
parison between DSS group and healthy control group
indicated that some functions differed obviously after
DSS insult including enhanced lipid metabolism, xenobi-
otics metabolism, enzyme family, and risk of cancers and
reduced immune function, cell motility, and signal trans-
duction (Figure 8H). Administration of P-NPs-C signifi-
cantly ameliorated these functional changes (Figure 8H).
Collectively, these results demonstrated that disruption of
intestinal microbiota homeostasis would result in inflam-
mation or other diseases, and P-NPs-C promoted the
remodeling of imbalanced microbiota toward a healthy
flora.

4 | DISCUSSION

The medication for IBD therapy over the last two decades
has gradually transitioned from reliance on aminos-
alicylates, corticosteroids, and immunomodulators to
biological therapies based on monoclonal antibodies.?®
Nevertheless, there is still a large unmet need for novel
therapeutic approaches as many patients do not have pos-
itive response to clinically approved drugs, such as TNF-a
antibody, ustekinumab, and vedolizumab.?~*!' The devel-
opment of targeted oral delivery systems provides a strong
research potential for diseases affecting colon, notably for
IBD. In recent years, nanotechnology has emerged as a
novel and efficient method for targeted drug delivery to
specific sites of inflamed colon. Upon oral administration,
nanoparticle-based drug carrier can provide high local
concentration of drug at the site of lesion and reduced drug
degradation, which promotes prolongation of pharmaco-
logical activities and drug efficacy, and has the potential to
decrease systemic adverse effects because it does not affect
normal tissues.”? The evolving nanoparticle-based drug
carrier systems have been shown to be ideally suitable
for oral administration of colon-targeted drugs.’®> These
carrier systems are able to encapsulate or dissolve the
objective drug therapeutically and then directly deliver
the drug to the inflammatory site after breaking through
physiological barriers. In some cases, active drugs may be
attached to or adsorbed on the nanoparticles to achieve
satisfied therapeutic effect. Currently, the commonly
used nanoparticle-based drug delivery systems include
pH-dependent, reactive oxygen species-responsive,
hydrogel-based, and active targeting-dependent nan-
odelivery systems. Further, nanoparticles derived from
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natural sources, for example, extracellular vesicles, are
considered as novel potential carrier systems due to their
outstanding safety and effectiveness.**

In this study, we prepared the PLGA nanoparticles
loaded with Syk inhibitor piceatannol and grafted the
chemokine CCL4 onto the nanoparticles to enhance drug
targeting. Due to the excellent properties of biocompati-
bility, biodegradability, ease of formulation, and tunable
sustained drug release, PLGA has emerged as a promis-
ing carrier in a variety of biomedical applications including
inflammation, cancer, vaccination, and other diseases.’
PLGA can be hydrolyzed to lactic acid and glycolic acid
biologically in vivo, which will be endogenously metab-
olized via the Krebs cycle.’® Therefore, there is no sys-
temic toxicity in drug delivery with PLGA. It is demon-
strated that PLGA nanoparticles are internalized in cells
through Clathrin-mediated endocytosis and fluid-phase
pinocytosis.’” In in vitro experiments, we found that
nanoparticle-loaded piceatannol seems to be less effective
than free form of piceatannol, which is actually due to the
release kinetics of PLGA drug carrier. PLGA nanoparticles-
encapsulated drug is mainly degraded by hydrolysis after
internalization. Penetration of water into polymer results
in uniform bulk degradation of polymer matrix, which cre-
ates a passage for drug diffusion and release until com-
plete polymer solubilization.>® That is to say, the physi-
cal and chemical characteristics of PLGA endow it with
sustained-release function as the drug carrier. However,
an obvious disadvantage of PLGA nanoparticles is the
extremely limited number of surface-displayed functional
groups available for targeting ligands.** Certain cell recep-
tors or transporters, such as CD44, folate receptor, and
CCR35, are overexpressed during the inflammatory process,
which provide great potential for active drug targeting.?’
In the present study, we conjugated chemokine CCL4 on
the piceatannol-encapsulated PLGA nanoparticles, which
can bind to its receptor CCR5 on the surface of inflamma-
tory macrophages, greatly increasing the targeting ability
of drugs.

Piceatannol, a natural hydroxylated stilbene analog and
metabolite of resveratrol, has been demonstrated to exhibit
anti-inflammatory, antioxidative, antiaging, antiobesity,
and anticancer effects similar to resveratrol, but has better
bioavailability and stability than resveratrol.*’ Piceatan-
nol is mainly generated during the process of fruit ripen-
ing and microbial B-glucosidases-triggered fermentation.*!
There has been accumulating evidence to reveal a crucial
role of piceatannol in participating multiple physiological
and pathophysiological by modulation of a range of signal-
ing pathways.*” Piceatannol has been reported to inhibit
oxidative stress by activating the PI3K/AKT, PTEN (phos-
phatase and tensin homolog)/AKT, MAPK cascade, and
Sirtl (sirtuinl)/FoxOl signaling and alleviate inflamma-

3

tion by modulating NF-xB and Nrf2/HO-1 pathways.***3
In addition, piceatannol, as a selective inhibitor of Syk, can
mitigate the disease state by directly inhibiting the patho-
logical effect of Syk.

Notably, there is emerging data from both experimen-
tal and clinical studies implicating that Syk takes part in
the pathogenesis of gut disorders, especially IBD. Mech-
anistically, our previous studies found that macrophage-
inducible C-type lectin (Mincle) over-activates Syk by sens-
ing spliceosome-associated protein 130 (SAP130) released
from damaged intestinal epithelial cells during intesti-
nal inflammation, and increased Syk phosphorylation is
able to induce the production of inflammatory cytokines
through NOD-like receptor family pyrin domain con-
taining 3 (NLRP3) inflammasome-mediated macrophage
pyroptosis, thus regulating intestinal mucosal immunity
and promoting the disease progression of IBD.>!? Indeed,
a previous study showed that Helminth Heligmosomoides
polygyrus bakeri infection down-modulates Syk and Syk-
coupled Dectin-1 expression in resident intestinal dendritic
cells (DCs), which induces regulatory DCs that rescue col-
itis and inhibit intestinal Ag-induced T cell responses."’
Syk phosphorylation activated by DNAX adaptor pro-
tein 12 (DAP12) initiates an inflammatory signaling cas-
cade in IBD and acts as an essential mediator during
inflammation-driven immune dysfunction of experimen-
tal colitis."" In addition, the use of Syk inhibitors, Cerdula-
tinib, Fostamatinib, and TOP1210, can ameliorate severity
of experimental colitis by inhibiting release of proinflam-
matory cytokines and reducing mucosal damage.!%>1¢
Remarkably, another Syk inhibitor R406 is able to com-
pletely reverse the infliximab-mediated decline in IL-
12p40 as well as the augment in IL-10 in inflammatory
macrophages.’

In this study, we found that Syk signaling not only pro-
motes intestinal inflammation in IBD, but also destroys the
intestinal epithelial barrier and causes intestinal micro-
biota dysbiosis. It is most probably because activation of
Syk in macrophages produces some inflammatory medi-
ators, which can activate the MLCK/p-MLC pathway in
intestinal epithelial cells, resulting in the remodeling of
epithelial tight junction proteins and damage of intesti-
nal barrier. Additionally, intestinal microbiota is essential
to maintain the physiological function of gastrointestinal
tract, and most of intestinal microbiome is anaerobic bacte-
ria that reside in colon. These anaerobic bacteria produce a
variety of hydrolytic and digestive enzymes when they rec-
ognize the substrates entering the colon.** The biodegrad-
able polymers utilized in nanoparticle-based drug deliv-
ery carrier can be consumed as a source of carbon to be
degraded into saccharides by the colonic microbiome.*
Syk is a common downstream coupled protein to trans-
duce cell membrane receptors signaling. Such receptors,
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for example, C-type lectin receptors, can be activated by
different cell wall components from aberrant translocation
of the fungal or bacterial pathogen, which further activate
Syk and amplify the inflammatory cascade.*®*’ Thereby,
nanoparticle-based drug delivery systems composed of
biodegradable polymer and Syk inhibitor piceatannol
can collaboratively lessen the pathological effect caused
by intestinal microbiota dysbiosis, and further modulate
intestinal homeostasis.

In summary, we confirmed schematically a novel role
of Syk signaling contributed to IBD. Thereafter we used
a double-emulsion microfluidic system combined with
copper-free click chemistry technique to prepare Syk
inhibitor piceatannol-loaded P-NPs-C nanoparticles. Fur-
thermore, we showed that oral administration of P-NPs-C
in a hydrogel system could significantly ameliorate intesti-
nal inflammation and improve intestinal barrier dysfunc-
tion and intestinal microflora dysbiosis during experimen-
tal colitis (Figure 4A). This nanoparticle delivery system
represents a promising novel approach for IBD treatment.
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